Following prolonged mitotic spindle disruption by microtubule poisons, mammalian cells delay their entry into anaphase, then progressively slip out of mitosis and become tetraploid. Normal cells then stop cycling before S-phase onset, but the mechanisms underlying this arrest are still unclear. Here we show that a double block prevents endo-reduplication. First, cells that exit mitosis without a functional microtubule network are driven toward G0. Reconstitution of the network unmasks a second block that relies on DNA double-strand breaks occurring early in the G1 phase that follows the mitotic block. We propose that a stress signal elicited upon mitotic impairment triggers breakage, which couples the leaky spindle checkpoint to the stringent DNA damage response. Consistent with this finding, cells defective for the damage response continue cycling and acquire, within a single cell cycle, both chromosome rearrangements and abnormal chromosome numbers that remarkably mimic the complex genetic hallmark of tumorigenesis.
Introduction
In eucaryotic cells, the accurate transmission of genetic information relies on checkpoints monitoring the replication status of the chromosomes, their integrity and proper segregation (Hartwell and Kastan, 1994) . Among them, the spindle checkpoint specifically controls the distribution of chromosomes at mitosis by delaying the onset of anaphase until the kinetochores of all chromosomes attach to the mitotic spindle. A large number of proteins involved in this control have now been identified (Bharadwaj and Yu, 2004) . Not surprisingly, overexpression or reduced levels of some of these proteins have been correlated with alterations of chromosome number in various types of cancers (Kops et al., 2005) .
Disruption of the mitotic spindle by microtubule poisons, such as nocodazole, vinblastine or colcemid, activates the spindle checkpoint and arrests the cells before anaphase onset. Most types of mammalian cells then progressively exit mitosis, a phenomenon called mitotic slippage (Rieder and Maiato, 2004) . At this point, a second checkpoint prevents normal cells from further replicating their DNA. A growing number of factors have been implicated in this arrest, including p53, pRb and the cyclin-dependent kinase inhibitors p21 and p19 (Casenghi et al., 1999; Jimenez et al., 1999; Stewart et al., 1999; Khan et al., 2000; Ciciarello et al., 2001; Tsuiki et al., 2001; Mantel et al., 2002; Tritarelli et al., 2004) . Poly-(ADP-ribose) polymerase 1, a protein involved in the recognition and repair of DNA damage, also contributes to block re-replication following slippage (Halappanavar and Shah, 2004) . Hence, the control on the tetraploid cell cycle initiated upon slippage displays many of the molecular hallmarks of the well-characterized DNA damage response.
In all these studies, the cells were arrested in mitosis by treating them with microtubule poisons, which are not recognized as DNA-damaging agents. However, chromosome rearrangements have been observed in the progeny of cells treated with these drugs in vivo and in vitro (Aardema et al., 1998 ). Yet, how these spindle poisons might induce DNA damage and whether these lesions couple mitotic failure to a G1 checkpoint remained to be determined.
Here we show that upon treatment with microtubule poisons, a variety of Chinese hamster and human cells exhibit chromosome breaks early after slippage. We find that breaks are committed to occur in M but actually take place early in the G1 phase that follows a mitotic block. We demonstrate that two blocks prevent these cells from entering a new round of DNA replication. The first one, which looks like a G0 block, is a fully reversible response elicited in cells exiting mitosis with a disorganized microtubule network. The second one is irreversible and results from the activation of the DNA damage checkpoint by DNA double-strand breaks. Strikingly, cells escaping these blocks acquire, in a single step, both rearranged structures and abnormal numbers of chromosomes.
Results
Nocodazole treatment induces chromosome rearrangements in GMA32 cells GMA32 cells are immortalized Chinese hamster lung fibroblasts deficient for p53 activity (Supplementary Figure 1) . We analysed the DNA content of these cells by flow cytometry fluorescence-activated cell sorting (FACS) following treatment with increasing concentrations of nocodazole (Figure 1a , left). We found that 200 nM is the lowest dose that efficiently blocks mitosis, leading to a disappearance of cells with a DNA content below 4C. Hence, unless specifically stated, this drug concentration was used in all subsequent experiments. Following a 10 h treatment ( Figure 1A , right), almost 60% of the cells accumulated in mitosis (DNA content 4C), indicating that GMA32 cells have a robust spindle checkpoint. At later time points, cells slipped out of mitosis and underwent re-replication, as indicated (Figure 1Ba-c) revealed the presence of chromosome fragments in almost all of them. Two-color fluorescence in situ hybridization (FISH) with markers that, respectively, label the p and q arms of Chinese hamster chromosome 1 (Toledo et al., 1992) showed that around 30% of these tetraploid mitotic cells display major rearrangements of this chromosome. Extensive cell death did not occur at that stage as cells often cycled up to three or four times upon prolonged growth in the presence of the drug (Figure 1Bd ). By contrast, less than 3% of the diploid mitotic cells accumulated after 10 h of treatment showed chromosome abnormalities or chromosome fragments (not shown). Hence, genomic instability takes place during the tetraploid cell cycle induced upon nocodazole treatment.
Breaks are present in tetraploid GMA32 cells in G1 interphase To determine whether breakage was generated during this tetraploid cell cycle, we took advantage of the nuclear fragmentation (micronucleation) occurring in cells subjected to prolonged treatment by spindle poisons (Stubblefield, 1964) . Whereas only 0.3% of untreated cells had an abnormal nucleus, fragmented nuclei were present in up to 70% of GMA32 cells after slippage. We analysed 70 micronucleated cells formed after 10 h of nocodazole treatment by two-color FISH with the same probes as before. As very few cells, if any, started to re-replicate their DNA at that time ( Figure 1A and D), these cells were tetraploid and in the G1 phase. Uneven segregation of the two syntenic markers in micronuclei was found in 11 cases (16%) (Figure 1Ccd ) indicating that chromosome breaks are present at that stage.
As observation of uneven segregation of chromosome 1 markers inherently underestimates the frequency of breaks, we developed a technique derived from TUNEL (Tdt-mediated dUTP nick-end labeling) by adding two steps of signal amplification. Figure 1D shows a FACS analysis of GMA32 cells labeled by amplified-TUNEL. Only about 2% of untreated cells appeared labeled. Strikingly, the proportion of labeled cells increased in parallel with the number of cells that underwent slippage, and reached almost 70% 14 h after nocodazole addition. Double-strand breaks were also searched for by immunodetection of g-H2AX, the S139-phosphorylated form of the histone variant H2AX that marks chromatin near-chromosome breaks (Rogakou et al., 1998) . Figure 1E shows that g-H2AX foci were present in the vast majority of GMA32 cells soon after slippage, as also observed after irradiation. Altogether, the presence of DNA double-strand breaks following slippage was detected with three different techniques.
Breaks are not specific to nocodazole treatment To determine whether double-strand breaks result from secondary effects specific to nocodazole, GMA32 cells were challenged with two other spindle poisons, vinblastine (18 nM) and colcemid (35 nM). FACS analysis showed similar kinetics of accumulation of tetraploid cells with all the drugs (not shown). FISH analysis of micronucleated cells with the same probes as before revealed uneven segregation of the markers in 14% (7/50) of vinblastine-treated and 16% (9/56) of colcemid-treated cells after 10 h of growth in the presence of all the drugs. Less than 3% of the diploid mitotic cells observed on the same slides contained a rearranged chromosome 1. Thus, breaks occurred within the same window of the cell cycle and at comparable frequencies with the three spindle poisons.
Nocodazole induces breaks in Chinese hamster and human normal fibroblasts as well as in human epithelial cells We also studied Chinese hamster (CHEF) and human (MRC5) normal embryonic fibroblasts, and human colorectal carcinoma cells (LoVo) (Figures 2 and 3 ). During treatment with 200 nM nocodazole, a concentration that blocks mitosis in all these cells (Supplemental Figure 2 ), mitotic cells accumulated markedly. Depending on the cell type, cells escaped the block after 9-12 h and entered a G1-like phase with 4C DNA content. The DNA profiles remained unchanged up to 72 h, except for the progressive accumulation of apoptotic cells beyond 48 h of treatment. This cell death was inhibited by Z-VAD-fmk (Z-Val-Ala-DLAsp(Ome)-fluoromethylketone), a caspase inhibitor, the presence of which interferes neither with the kinetics of accumulation of mitotic cells nor with the timing of slippage (see Figure 2A and B, for example).
CHEF ( Figure 2A and B), MRC5 and LoVo (Figure 3 ) populations presented 10-15% of cells that do not cycle and remained with a 2C DNA content in the presence of nocodazole. To study those cells that were blocked in mitosis and then underwent mitotic slippage, we recovered mitotic cells accumulated after 8-10 h of growth in the presence of nocodazole and replated them in drug-containing medium (Figure 4A: Noc) . As shown in Figure 2D , analysis of CHEF cells by amplified-TUNEL revealed very few positive cells among selected mitotic cells (M). Eight hours after re-plating, all cells underwent slippage and most of them appeared labeled ( þ 8 hNoc). Besides, immunocytochemistry analyses showed that most CHEF ( Figure 2E ), MRC5 and Lovo (Figure 3 ) cells presented g-H2AX foci. Altogether, our results show that induction of chromosome breaks early after slippage is of broad occurrence.
Breaks do not depend on cell ploidy
We investigated the behavior of GMA32, CHEF, MRC5 and LoVo cells released from the mitotic block before slippage. Mitotic cells were recovered as above after 8-10 h of growth in the presence of nocodazole, then washed and replated in drug-free medium ( Figure 4A : Wash out). FACS analyses showed that 3-5 h after replating about 70% of the cells displayed a 2C DNA content, indicating that a majority of selected cells were still capable of proceeding through mitosis. Although diploid and tetraploid GMA32 cells continued to cycle, the distribution of CHEF, MRC5 and LoVo cells remained unchanged up to 72 h, the last time point studied here ( Figure 2C and not shown), which indicates that normal fibroblasts and LoVo cells arrest irreversibly, regardless of their ploidy.
We searched for evidence of chromosome breaks by FACS analysis of CHEF cells labeled by amplified-TUNEL following such a transient nocodazole treatment. Figure 2D ( þ 8 h-Noc) shows that positive cells were equally present in diploid (2C) and tetraploid (4C) subpopulations of cells, with more than 60% of cells labeled in both peaks. We confirmed and extended this finding by showing that GMA32, CHEF, MRC5 and LoVo cells re-plated in normal medium presented g-H2AX foci (see Figure 3 , for examples). We concluded that cells are committed to have DNA breaks before they undergo mitotic slippage, that is, before becoming tetraploid.
Damage response is masked in cells arrested in G1 following nocodazole treatment To determine whether the breaks contribute to cell cycle arrest, we compared the status of proteins involved in the DNA damage response in cells challenged with nocodazole and/or with g-rays ( Figure 4A ). In irradiated CHEF, MRC5 and LoVo cells, p53 was accumulated and phosphorylated on Ser15, although with different kinetics in different cell types. The level of cyclin D1 increased progressively in CHEF and LoVo cells, or remained at the same level as in control in MRC5 cells. High levels of p21 were observed a few hours after treatment and were maintained until 48 h in all cell types ( Figure 4B : 7 Gy). Figure 1D ). Selected cells (M) were analysed 8 h after replating in drug-containing medium ( þ 8 hNoc) or in drug-free medium ( þ 8 h-Noc). (E) Analysis of breaks by g-H2AX labeling (as in Figure 1E ). (a) Untreated cells; (b) Cells irradiated (7 Gy) 1 h before labeling and (c) selected mitotic cells replated in nocodazole-containing medium for 24 h.
Mitotic cells selected after 8-12 h in nocodazole (M) were analysed at several time points after re-plating in drug-containing medium. CHEF, MRC5 and LoVo cells presented rather similar patterns. The levels of p53 resembled those observed in irradiated cells but the protein was not, or only slightly, phosphorylated on Ser15 and the level of p21 remained constant. Strikingly, cyclin D1 disappeared progressively ( Figure 4B : Noc). Thus, the status of the proteins bears more similarity to the G0 hallmark found in confluent cells (Figure4B, cf CHEF) than to the DNA damage response.
To analyse further this masking of the damage response in the presence of nocodazole, we selected mitotic cells and irradiated them before re-plating in drug-containing medium. Under these conditions, the protein patterns were roughly similar to those observed in cells treated with nocodazole alone ( Figure 4B : 7 Gy þ Noc). Hence, the presence of nocodazole imposes a specific molecular phenotype in CHEF, MRC5 and LoVo cells.
Two blocks arrest CHEF, MRC5 and LoVo cells upon prolonged spindle disruption
In an attempt to unmask the DNA damage response, mitotic CHEF, MRC5 and LoVo cells were selected after 8-10 h of nocodazole treatment, washed and replated in drug-free medium ( Figure 4A ), allowing a majority of the cells to complete mitosis. Strikingly, the profiles of p53, p21 and cyclin D1 resemble those observed following irradiation (Figures 4B: Wash out). We also determined the protein patterns in tetraploid cells following nocodazole removal. For that purpose, selected mitotic CHEF cells were replated in the presence of nocodazole for 8 h, at which time more than 95% of the cells underwent slippage and became tetraploid ( Figure 2D, þ 8 hNoc) . Drug-containing medium was then replaced by normal medium, and cells were recovered at different time points. Protein patterns again appeared similar to those observed following irradiation (not shown). Thus, removing nocodazole unmasked the DNA damage response both in diploid and tetraploid cells that went through a perturbed mitosis.
We checked the status of the microtubule network in selected cells replated in the presence or in the absence of the drug. As exemplified for CHEF cells in Figure 4C , microtubules were drastically disorganized in cells grown in the presence of 200 nM nocodazole. Removal of the drug allows reconstitution of an apparently normal network within a few minutes. Altogether, our results suggest that reversal of microtubule disorganization permitted CHEF, MRC5 and LoVo cells to exit from the G0-like stage. However, we show that these cells were still prevented from entering the S phase by activation of the DNA damage checkpoint.
Discussion
DNA double-strand breaks are induced by prolonged spindle poison treatments In various types of mammalian cells, when mitosis is compromised, the main control on cell fate appears to be executed in the following G1 phase, but the nature of this control remained to be determined (Rieder and Maiato, 2004 ). Here we show that treating a variety of human and Chinese hamster cells for prolonged periods with various spindle poisons produces double-strand breaks. We also show that chromosome breakage occurs even when cell were released from the mitotic block before slippage, allowing the generation of diploid progeny. This indicates that cells are committed to breakage during the mitotic block and that breaks occur independently of the cell ploidy. Because cells with a functional DNA damage checkpoint stop cycling in response to DNA breaks, our observations offer a rationale for the permanent arrest of normal and some tumor cells that went through a mitotic block. Consistent with this interpretation, when nocodazole was washed out, we found a protein pattern typical of the DNA damage response in the four types of cells we tested.
Two blocks arrest cell cycle progression upon prolonged microtubule disruption When kept in the presence of nocodazole, CHEF, MRC5 and LoVo cells displayed a protein pattern resembling that observed in cells arrested in G0. This suggested that a second block, imposing its phenotype over the DNA damage response, operates in the presence of microtubule poisons. We directly addressed this point by irradiating mitotic cells before re-plating them in nocodazole-containing medium. These cells displayed the G0-like pattern found in non-irradiated cells kept in the presence of the drug. Such a nocodazole-dependent G0 block was previously described by Khan and Wahl (1998) , who showed that normal human and mouse fibroblasts fail to enter the S phase when released from serum depletion in the presence of the drug, but resume cell cycle progression when returned to nocodazole-free medium. Altogether, the results suggest that the execution of a critical event in early G1 relies on the integrity of the microtubule network, the impairment of which drives the cells toward G0.
We observed here that GMA32 cells overcome both the DNA damage arrest and the nocodazole-dependent G0 block, which implies either that p53 mediates both arrests or that an additional unidentified mutation prevents GMA32 cells from sensing microtubule defects in early G1. The former possibility is supported by the fact that p53-deficient primary mouse fibroblasts failed to arrest following mitotic slippage when kept in the presence of spindle poisons (Jimenez et al., 1999; Rieder and Maiato, 2004) .
None of the two blocks induced by microtubule poisons depends on cell ploidy The so-called tetraploid checkpoint was proposed to monitor the number of chromosomes or centrosomes per cell, and to irreversibly arrest tetraploid cells in G1, whether they arise from treatment with spindle poisons or with cytokinesis-inhibiting drugs (Margolis et al., 2003) . However, careful examination of bi-nucleated cells arisen from transient treatments with low concentrations of cytokinesis inhibitors has revealed that these cells are able to complete the tetraploid cycle (Uetake and Sluder, 2004) . Another work has shown that binucleated cells resulting from the fusion of normal human fibroblasts do not arrest in tetraploid G1 (Wong and Stearns, 2005) . We demonstrate here that, in cells treated by nocodazole, none of the two blocks imposed on cell cycle progression relies on cell ploidy. Altogether, these recent results strongly argue against the existence of a checkpoint monitoring the cell ploidy.
Which features trigger DNA breaks?
We have shown that in response to spindle poisons, chromosome breaks are generated during a narrow and unusual window of the cell cycle, extending between metaphase and early G1. We propose that a prolonged mitotic delay elicits a stress signal that triggers cell suicide and, thereby, protect the organism against potentially harmful cells. The signal may result, for example, from prolonged lack of cell anchorage (Martin and Vuori, 2004) or from sustained activation of the spindle checkpoint. As damage is present in the chromosomes of cells treated with both nocodazole and z-VAD-fmk, breakage appears to be caspase-independent. Other works have shown that DNA damage can be induced by overexpression of oncogenes such as Myc and Ras (Denko et al., 1994; Felsher and Bishop, 1999; Vafa et al., 2002; Pusapati et al., 2006) , suggesting that forced cell cycle entry under inappropriate conditions triggers chromosome breaks. Hence, a variety of signals monitoring cell cycle progression, including mitotic surveillance, may converge to activate chromosome breaks and finally the removal of unwanted cells via the classical p53-dependent apoptotic process.
Role in tumor progression
Some tumors display mainly variations in chromosome number, that is, loss or gain of a few chromosomes, whereas others have highly rearranged karyotypes (Mitelman Database of Chromosome Aberrations in Cancer (2005) . Mitelman F, Johansson B and Merten F (eds). http://cgap.nci.nih.gov/Chromosomes/Mitelman) presenting alterations of both the structure and the number of their chromosomes (Dutrillaux, 1995; Jallepalli and Lengauer, 2001; Masuda and Takahashi, 2002) . Whether these features reflect different stages of tumor progression or different pathways of genome remodeling is still unclear. Our demonstration of a coupling between a sustained mitotic block and the induction of chromosome breakage suggests a straightforward mechanism governing gross instability in cancer cells. Mitotic impairment may occasionally occur in vivo upon failure of chromosome attachment to the spindle or perturbations of the microtubule dynamics during mitosis. In cells permissive for DNA damage, slippage and chromosome breakage would lead within a single cell cycle to tetraploidy, chromosome rearrangements and gene imbalance following loss of chromosome fragments. These genetic alterations would allow the rapid selection of cells displaying the hallmarks of highly aggressive cancer cells.
Materials and methods

Cell treatments
Culture conditions are described in Supplementary data. Mitotic selections were performed following a 8-10 h treatment with nocodazole (Sigma-Aldrich Chimie Sarl, Lyon, France). Loosely attached cells were collected by shake-off, washed and replated in the indicated medium. z-VAD-fmk (Bachem Distribution services GmbH, Weil am Rhein, Germany) was used at a final concentration of 125 mg/ml. Cell irradiation was performed with g-rays (7 Gy) from a 137 Cesium source. For positive control in TUNEL experiment, cells were treated with 5 U/ml of DNase (Roche), 10 min at room temperature.
In situ hybridization and FACS analysis Cosmids probes and FISH procedure were described previously (Toledo et al., 1992; Coquelle et al., 1997) . FACS analyses were performed with a FACScalibur flow cytometer (Becton Dickinson France S.A.S., Le Pont de Claix, France). Cells were collected, suspended in 1 ml of cold phosphatebuffered saline (PBS) and stored at 41C for at least 2 h after the addition of 3 ml of 100% ethanol. At that stage, cells were eventually treated with specific antibodies (see below) before treatment for 30 min with 50 mg/ml propidium iodide, 25 mg/ml RNase A in 1 Â PBS. Ten thousand events were analysed with Cellquest software, and cell aggregates were gated out.
Determination of mitotic index
Mitotic index was estimated either by scoring the number of mitotic cells in cytogenetic preparations or by FACS analysis of cells displaying the mitotic phosphoepitope marker MPM-2 (Anti-phospho-Ser/Thr-Pro, MPM-2 (Mitotic protein monoclonal 2)). Cells were incubated with MPM-2 antibodies (05-365, Upstate, Charlottesville, VA, USA) for 1 h at 41C, then washed twice before incubation 1 h at 41C with fluorescein isthiocyanate (FITC)-conjugated goat anti-mouse secondary antibodies (F0479, Dako France S.A.S., Trappes, France).
Immunoblotting Cells (10 6 ) were lysed in 80 ml of Laemmli buffer (Sigma). Equal amounts of lysates were resolved on 12% polyacrylamide gels. Proteins were transferred to nitrocellulose membranes and analysed, according to the manufacturer's instructions, with antibodies anti-p53 (M7001, Dako), antip53Ser15 (9284, Cell Signaling Technology, Danvers, MA, USA), anti-p21 (556430, Becton Dickinson France S.A.S.), or anti-cyclin D1 (sc-718, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Blots were incubated with horseradish peroxidase-conjugated secondary antibodies: goat anti-mouse (PO447), goat anti-rabbit IgG (PO448) (Dako). Proteinantibody complexes were detected by enhanced chemiluminescence (RPN2106 ECL, Amersham Pharmacia Biotech, Uppsala, Sweden).
Immunocytochemistry
For the detection of g-H2AX, cells were fixed with 4% PFA for 15 min at room temperature. Coverslips were incubated with rabbit anti g-H2AX antibodies (Trevigen Inc., Gaithersburg, MD, USA), then goat anti-rabbit antibodies Alexa 594 (Invitrogen Sarl, Cergy Pontoise, France). Counter staining with DiOC6-FITC (Invitrogen Sarl) was described previously (Anglana and Debatisse, 2001 ). For microtubule detection, free tubulin was extracted in PHEM buffer (N-2-hydroxyethylpiperazine-N 0 -2-ethane sulfonic acid 450 mM, pH 6.9, Pipes 450 mM, pH 6.9, ethyleneglycol tetraacetate 200 mM, MgCl 2 500 mM, phenylmethylsulfonyl fluoride 100 mM) containing 0.1% Triton for 1 min at 371C. Cells were fixed for 4 min in methanol at À201C before incubation with antibÀtubulin antibody (556321, Beckton Dickinson), then FITCconjugated goat anti-mouse antibody (F0479, Dako).
'Amplified' TUNEL reaction The TUNEL reaction was performed according to the manufacturer's instructions (In situ cell death detection kit, fluorescein, Roche). Cells were then washed in 1 Â PBS and incubated 1 h at 371C successively with rabbit anti-FITC antibody (Molecular Probes) diluted 1/500 in PBS 0.01% Triton X-100, then with FITC-conjugated goat anti-rabbit antibody (Vector) diluted in the same conditions.
